Abstract. The assessment of flow velocity has a central role in quantitative analysis of debris flows, both for the 7 characterization of the phenomenology of these processes, and for the assessment of related hazards. Large scale particle 
method on debris flows using available cameras in a monitored catchment in the Italian Alps (Gadria catchment) (Fig. 1) .
The aims of this work are to explore: 1) the spatial and temporal variation within one study reach of debris-flow surges 66 occurred in the period 2013-2015, 2) a detailed analysis of an individual surge dynamic, 3) the quantification of a "horizontal 67 turbulence index" (influenced by rheological parameters) from the directional variation of vectors, and 4) the 68 limitations/perspectives of the LSPIV for further development.
69

Setting
70
The Gadria catchment is situated in Vinschgau-Venosta Valley (South Tyrol) in the Eastern Italian Alps (Fig. 1A) , and 
81
Two cameras are alongside a sediment trap (retention basin) near the alluvial fan apex, one looking upstream (Cam1) and the
82
other looking down at a more perpendicular angle to the flow (Cam2). The third camera (Cam3) is in the next reach
83
upstream from the sediment trap at a closer proximity to the flow (Fig. 2) . These three cameras are connected to a cabin 84 equipped with power supply and a server (8 Tb storage capacity) collecting all the monitoring data. The fourth camera is in 85 an upstream ravine and it is triggered by a rain gauge when there is at least one minute of rainfall. For this study, we focused 86 on the application of LSPIV using only one of the four MOBOTIX M12 video cameras, Cam 2.
87
We attempted to utilize the other cameras for LSPIV application, but Cam 1 and Cam 3 were too close with an upstream 88 view to measure the large scale of the debris flow. Within the area of high incidence angle of the images, the number of 89 reference points is restricted, there is little spatial coverage, and there was too much pooling of water in front of Cam 1 90 located at the dam. Cam 2 was the best option because it was located higher on top of the levee (10 -52% incidence angle), The LSPIV methods that we used are based on Le Boursicaud et al. (2016) . The previous study tested the LSPIV method on 103 a pulsating flashflood in the French Alps recorded from a GoPro. The videos were treated for photo stitching and format 104 conversion using freeware and the LSPIV calculation on the freeware Fudaa-LSPIV (Le Coz et al., 2014) 
105
(https://forge.irstea.fr/projects/fudaa-lspiv/files).
106
Video treatment
107
The M12 Mobotix security camera that we used is an IP camera (resolution 1689x1345) with a fish eye lens, at night 108 spotlights are activated during rainfall. This camera has limiting features such as an automatic adjustment for shutter speed 109 with illumination, and therefore the frame per second cannot be fixed. This initially was a problem since our aim was to have 110 a constant 10 frame per seconds (fps). During recording of the flow events, the frequency reduced to 2 -3 fps because of the 111 low lighting of the storms. We needed a standard frame rate for LSPIV calculations, therefore we subsampled the images to 112 the minimum frame rate of each flow event (Table 1) .
113
Also, since the camera had a fisheye lens, significant distortion correction was required. A checkerboard pattern image from 114 the camera was used in a free software Hugin (http://hugin.sourceforge.net) which has a tool for distortion correction. This
115
was then applied to all the video imagery and converted to an ASCII grey scale format using batch processing in the XNview 116 freeware (www.xnview.com). This used to be necessary for the Fudaa software, however it now can handle jpeg and tiff 125 was used to generate high resolution colored point clouds (1300-2900 pts/m 3 ) with 2 cm alignment error (using an iterative 126 closest point algorithm on permanent features) making it a reliable spatial and visual reference. For the LSPIV purposes, the 127 point clouds were rotated to make an approximate horizontal flow plane (5-degree rotation) to reduce any added spatial error.
128
These flow planes are easily visible in the colored point clouds with distinct mudlines. 
Fudaa LSPIV
133
For orthorectifying the video images, targets and natural features were used as reference points for matching between the
134
SfM point cloud (both pre-event and post-event) and video imagery ( Fig. 2A, 2B ). Corners of rocks next to the flow line
135
were typically used on each side of the channel, and sometimes exposed stable rocks within the channel. Alignment errors of 136 the reference points (Table 1) 
139
The unsteady flows also required separating the fronts and tails to redefine the flow plane elevation which is known to be the separating the different surges and parts of the surge (front and tail) traveling through the study reach.
153
The spatial distribution of velocity vectors covering the reach provided an opportunity to examine their variation (direction the changing characteristics of the surges rather than the spatial distribution. Therefore, small Tv and Td should characterize 159 laminar flow conditions and higher values should be associated to more turbulent flows.
160
The LSPIV results were taken from cross-section XS (Fig. 1C) to have accurate comparisons of debris flow surges. This is 161 the most stable cross-section before the widening in the sediment trap. It is also the closest and most perpendicular view 162 from the camera resulting in the most accurate LSPIV calculations. The LSPIV study reach experienced important 163 deposition and remobilization during the debris flow surges, therefore we did not attempt to measure the discharge rates. 
176
The 2013 event featured one important surge, very typical debris-flow formation with a boulder front and the slurry-like tail.
177
The singular surge provided a convenient detailed analysis of the front, intermediate stage (transition from front to tail), and 178 the tail (described later).
179
The 2014 event had a small preliminary surge (pre-surge) and four debris flow surges passing through the study reach. It 180 should be noted that there was a discontinuous surge that stopped just upstream of the LSPIV measurements before the first 181 measured surge passed through the reach. The first two measured surges were large enough to distinguish the front (S1 and 182 S2) and tail (S1 tail S2 tail) and the latter two were too small and were kept undivided (S3 and S4). There seemed to be a
183
higher water content with longer sustained fronts (compared to 2013). The S4 was unusually fast which behaved more of a
184
wave passing through the filled-up sediment trap of highly saturated deposit.
185
The 2015 event was especially interesting because of the surges variable rheology. High-intensity rainfall covered the entire * the first actual debris flow surge stopped between the LSPIV and the radar, it remobilized with S1. The highest velocity (2014 S4) had a significantly higher Tv which is expected for a wave passing through a slurry.
213
The LSPIV velocities seem fairly accurate considering the low camera frequency (2-3 fps), camera angle, 5 cm/pixel (Fig. 6C ).
241
Three cross-sections were examined to compare the velocity-time profiles of the event (Fig. 7b) . The peak velocity in the 
251
The longitudinal profile of the average velocities combined with the video imagery and multi-date topography (Fig. 8) 
252
distinctly show the boulder front depositing after the sudden decrease in local slope (down to a negative slope) and channel 
293
The Tv clearly has a stronger correlation than the Td when compared with V and C (Fig. 9) . Based on the data analyzed, the 
296 however, more surges need to be measured to better define the function. The influence of spatial and temporal sampling 297 resolutions also needs to be better understood for further application.
298
Sediment concentrations from visual estimates (Table 2) were used to classify these comparisons which shows a better 
306
Higher image resolution and camera speed might give further insight on boulder dynamics and log jamming. 
330
LSPIV application on debris flows has shown to be very effective but there still needs to be a better understanding of the 331 spatial and time resolution and the influence of slope. Some suggestions can be made for this type of monitoring, such as 1)
332
be sure that the minimum frame rate of the IP camera is high enough to capture the movement (≲2 fps, depending on the 333 flow velocity) or use a fixed frame rate from an analog camera; 2) locate the cameras to a stable reach with high viewing 
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Funding for this research came from the research project "Kinoflow" funded by the Autonomous Province of Bozen-
